Abstract -MCM-D has been the solution for integrated high density packaging due to its superior line resolution and higher I/O density compared to MCM-C and MCM-L technologies.
I. INTRODUCTION
The electronics industries are continually responding to consumer demands in high performance products at progressively lower costs. There are currently three MCM technologies that can be employed to meet the requirements of consumer products ranging from household products to high performance electronics and mobile communications. Among these technologies, the MCM-L (laminate based) has provided remarkable cost and weight savings due to the incorporation of low-cost materials and processes [1] . MCM-L has the lowest resolution in lines and spaces which is currently being limited to 25 to 50 micrometers. On the contrary, MCM-D provides high resolution lines and spaces due to the thin film processes. MCM-C provides an intermediate resolution and has been used for high density packages as early as the 1980s [2] .
MCM-L targets the consumer market in low-cost electronic products while MCM-D is more applicable to high performance electronics for the semiconductor industries. However, processing of MCM-D structures at a lower cost is a major challenge in the semiconductor industry today. One of the contributing factors for the higher processing costs is the nonavailability of substrate materials in larger dimensions. It is believed that the ability to process thin films on large area panels (at least 300 mm x 300 mm) would give higher leverage to MCM-D suppliers to meet the existing cost requirements [3, 4] .
MCM-D substrates such as silicon are commercially unavailable in the large area format as defined above. Hence processing of a large number of modules on a single substrate followed by dicing the substrate to produce individual packages, thereby reducing the cost through large area process, is not a viable option for the current MCM-D technology. Materials that are available in large format (such as organic boards) are not compatible with MCM-D, primarily due to its high temperature process requirements. IBM [3] has demonstrated fabrication of thin films for MCM-D on 300 mm x 300 mm panels by modifying their existing tools and processes.
Narayan and Purushothaman at IBM [4] proposed a process which involved fabricating thin film interconnect (packaging) structure multi-up on a reusable glass carrier and later transferring the fabricated thin film build-up stack onto a substrate of choice. These authors showed that the thin film structure can be built on large format glasses thereby potentially reducing the cost, provided the yield for transferring thin film structure to another substrate is sufficiently high.
An alternative solution for the large area processing of the MCM-D structures at a significantly reduced cost has been provided through a multi-tiling palletization process described in this paper. This concept emerged from the MCM-D Consortium, comprised of the Boeing Aerospace Company, Intarsia Corporation, MicroModule Systems, Raytheon Corporation, and Georgia Institute of Technology. The fabrication process begins with small silicon or alumina substrates (referred to as tiles) which are coated with an adhesive. These coated tiles are attached to a closely CTE matched glass panel (referred to as pallet). Upon curing of the polymer, a rigid tile/adhesive/glass sandwich structure is formed which can be used for MCM-D thin film processing. After the thin film processing is completed, the tiles can be released thermally at an elevated temperature. This large area process can provide significant cost reduction through fabrication of multiple tiles within a single process excursion. The pallet can be cleaned and re-used thereby reducing the manufacturing costs further. These sandwiched structures also permit laser ablation through the glass panel thus providing an alternative path for tile detachment.
The specific goal of this project is to fabricate tiles/pallet assembly on 300 x 300 mm glass panels that is scalable to 600 mm x 600 mm format. There are numerous challenges in successful fabrication of these structures such as (i) formulation of a high temperature stable low modulus adhesive, (ii) availability of commercial glasses with CTE closely matched to that of Si or alumina, (iii) process development compatible with large scale manufacturing, (iv) high temperature releasability of the adhesive, and (iv) minimization of the overall warpage.
Furthermore, the design specification for 300 mm x 300 mm assembly calls for a weight and thickness restriction of less than 3 pounds and 6.25 mm, respectively. A brief overview of the entire project goal, specifications, and requirements is given below.
A. Specifications
The specifications for materials, process, and product provided by the MCM-D Consortium members are given in Table 1 . Key issues for developing materials and processes are outlined in Table II . Silicon and alumina were used as tiling materials. The TCE of the pallet materials need to be close to the respective tiles to minimize warpage. Several glasses from commercial suppliers were evaluated from physical, mechanical, weight restrictions, structural integrity, and UV transmittance. UV transmittance may be required as an alternative to thermal detachment of tiles from the substrate after the thin film process is completed.
B. Modeling
The numerical simulation of the thermo-mechanical response of the structures due to the palletization process is conducted using finite element models [5] . Two-and three-dimensional finite element meshes were created with appropriate geometries and material property assumptions. These models were subjected to the palletization process by cooling the structure from the stress-free adhesive cure temperature to room temperature. The incorporation of quick and simple changes to these log files facilitates parametric studies to understand the effects of geometric and material properties and processing conditions on the inducement of warpage in the palletized structure. Results from numerical analyses of tiles-on-pallet assemblies indicate that the use of low-modulus-highly-compliant adhesives significantly lowers the thermally induced out-of-plane warpage and axial, interfacial peel and shear stresses [5] . The predictions from the numerical models correlate fairly well with experimental measurements of warpage conducted using Shadow-Moire Interferometry [6] .
C. Adhesive
A low modulus adhesive is needed to minimize warpage in the tiled assembly as predicted by the thermomechanical modeling. The adhesive has to provide very low modulus, high temperature stability, and chemical inertness to the commonly used as well as more aggressive solvents. The adhesive has to maintain its mechanical properties at temperatures above 350 o C (Table I ). Since such materials were not available commercially, two types of high temperature low modulus adhesives were formulated [7] . The first set includes adhesives based on a polyimide-amide epoxy (PIA-E) alternating copolymer containing thermally degradable and thermo-mechanical stresses in the structure [5] . The process induced warpage beginning with the as-received raw materials to the completion of the sandwiched structures at the elevated temperatures is reported in a previous publication [6] . Table III . The 125 mm silicon wafers were obtained from Transition Technology International.
The nominal thickness was 0.600 to 0.645 mm. Properties of the silicon wafers are shown in Table IV . The Clearfloat glass was manufactured by PPG Inc. and was supplied by Atlanta Suburban Glass (Atlanta, GA). Alumina tiles were provided by the Raytheon Corporation. In this study, four silicon (or six alumina) tiles were used per glass pallet. Total weight of the 8 fabricated Clearfloat assembly was below 2.8 pounds for the 300 mm x 300 mm panel. The weight for the Borofloat assembly (glass pallet with four 125 mm silicon wafers) was below 2.5
pounds. Mechanical properties for materials used in the palletization approach are summarized in Table V . The values of Young's modulus and tensile strength for Borofloat glass were calculated from experimental load-extension curves.
B. Adhesive
Several in-house formulated adhesives were tested for mechanical property evaluation.
These adhesives were copolymers of epoxy and polyamide-based resins. In general, epoxy provides low glass transition temperatures and the aromatic polyamides provide superior high temperature stability. By careful selection of ratios of these two components, several copolymers with varied modulii were synthesized [7] . Polyamide-imide based Sumitomo CRC6910 was used as the base resin to formulate relatively higher modulus values for the initial trials. For such low modulus (~1KPa), a siloxane based Dow Corning Q1-4939 was utilized as the base resin. This resin was modified with a unique combination of metal stabilizers and adhesion promoter in order to meet the desired properties [7] . The final silicon and alumina prototypes on 300 mm x 300 mm Borofloat and Clearfloat glasses were fabricated using the modified Q1-4939 high temperature low modulus adhesive.
III. FABRICATION
2D and 3D finite element models [5] were developed to determine location of the tiles with respect to the pallet, thickness, and modulus of the adhesive in order to minimize the out of plane warpage of the processed structures. The FE modeling utilized the materials property data given in Tables III and IV . In order to maintain correlation with the modeling [5] -a template of the actual location and orientation of the tiles with respect to the substrate was used for placement of tiles on the glass panel. Initial experiments were conducted by spin coating the entire 300 mm x 300 mm pallet surface followed by manually placing tiles in predetermined locations. Since the viscosity of the adhesive was low, the tiles tend to slide on the glass surface without being locked at the respective location. Also in this approach, the entire pallet surface was coated with the adhesive, which is not desirable from the cleaning standpoint. Another option was to coat the tiles first and then place them onto the pallet. Again in this approach, locking tiles in place was a problem. The final approach was to coat the tiles and then precure the deposited adhesive to promote partial cross-linking so as to make the material tacky for better adherence to the glass panel. After a series of experiments, the precure conditions were determined to be ~ 80 o C for 1 hour. Although spin coating was selected as the primary method for polymer deposition for the sake of simplicity, an alternative coating such as the state-of-theart meniscus coating can also be applied. The meniscus coating minimizes the materials wastage and can meet the high throughputs required for the manufacturing process. The Packaging
Research center at Georgia Tech is currently installing an automated (interfaced with a robot) meniscus coater for 600 mm x 600 mm substrates with a throughput of ~20 substrates/hr.
The 125 mm wafers were coated with the low modulus adhesive formulation at 1000 rpm for 30 seconds. After spin coating, these tiles were kept at room temperature for 30 minutes and 
III. MECHANICAL PROPERTIES
A. Glass
The results of the finite element warpage analysis indicated that Borofloat was the best choice as the pallet material for use with silicon tiles. In order to insure accurate mechanical properties for the finite element analysis, Borofloat glass specimens were created to conduct experiments to determine mechanical properties for the current lot of as-received material. The
Borofloat specimens were machined using the procedure and dimensional requirements outlined in MIL-STD-1942A. The specimen dimensions were 85 mm long x 6.7 mm wide x 5 mm thick.
The edges of the glass specimens were chamfered to limit the influence of sharp corners on test results. The glass specimens were tested in a three-point bend fixture with a span of 80 mm.
The three-point bend fixture produces the maximum stress on the glass specimen at the midspan. The Young's Modulus (E) for the Borofloat glass is shown in Table V .
B. Specimen Selection for Adhesive Testing
Several different specimen geometries for testing interfacial strength were investigated in order to encompass the wide range of adhesive modulus values used in this development
program. The first test specimen examined was the Brazil Nut [8] specimen. The main advantage of the Brazil Nut specimen (Figure 2) is the ability to test mixed-mode interfacial strength using a tensile load. The Brazil Nut is oriented in the test frame such that the interface is at an angle to the applied load, 0° for pure Mode I (Opening Mode) testing and 90° for pure
Mode II (Shear Mode) testing [9] . The main disadvantage of the Brazil Nut for this application was the brittle nature of the glass and silicon/alumina tiles to be used in the testing. In order to overcome the problem caused by the brittle adherends, a composite Brazil Nut specimen was designed. During the initial trials, the Brazil Nut specimen was discontinued due to problems with creating repeatable test specimens.
Another specimen investigated was a three-point bend specimen (Figure 3) . In this specimen, the interface crack is subjected to a pure Mode II load due to bending. This specimen worked well in initial trials with epoxy as the adhesive between two pieces of Borofloat glass and was used in testing Sumitomo CRC6910 and Dow Corning Q1-4939 adhesives [7] . Figure 4 shows the results from a three-point bend test using epoxy as the adhesive.
As the program matured, the characteristic of the adhesives changed requiring a change in the types of specimens used to test the adhesive. In response to the new adhesives, more traditional fracture mechanics specimens were employed, these specimens are discussed further in section C of Results and Discussion.
C. Cleaning Procedure
Prior to the assembly of any specimens, the adherends (Borofloat glass, silicon tile) were thoroughly cleaned. The following procedure was used to insure removal of any contaminants on the test specimens, specifically residue from handling and machining. The adherends were sprayed with acetone and wiped with a lint free towel. Next, the adherends were rinsed with deionized water and then placed in an ammonia bath. The ammonia bath was brought to a boil for 5 minutes. The ammonia bath was allowed to cool and then the adherends were removed.
The adherends were again rinsed with deionized water and placed in a second boiling ammonia 13 bath for 5 minutes. After cooling, the adherends were rinsed with deionized water for a final wash and wiped dry with a lint free towel. The recipe used for cleaning is a simplified version of several standard glass cleaning procedures available in the literature.
IV. RESULTS AND DISCUSSIONS
A. have not been presented due to the limited experimental data. However, at the conditions described above, the film thickness was ~ 55 microns with variation in film thickness ~ +/-5%.
Film thickness was also verified using a FilmTek 2000 optical inteferrometry technique
(Scientific Computing International, Encinitas, CA). This method is non-destructive and can be utilized for thickness measurement on large area substrates.
B. Glass
The three-point bend specimen provided an efficient method to evaluate mechanical properties of Borofloat glass. A total of twenty Borofloat specimens were tested. The dimensions of the specimen, load-displacement history, and the failure load were recorded for each specimen.
Using the beam bending equations, the Young's modulus and the ultimate strength were evaluated for each specimen. Mean values for the modulus and ultimate strength were calculated from the experimental results (Table V) .
The three-point bend test for Borofloat glass provided good experimental results. The most difficult aspect of the testing the glass was specimen preparation. Being an extremely brittle material, the glass specimens had to be manufactured in a fashion that produced no surface flaws, such as scratches or chips. After the glass sheet was machined into specimens, any specimens with visible surface flaws were excluded from testing. This process reduced the total number of specimens by about 50%.
C. Adhesive
Numerous adhesives were tested for the pilot run. These formulations can be broadly categorized into a high modulus, an intermediate modulus, and a low modulus adhesive. The modulus data of these adhesives were evaluated using a Dynamic Mechanical Analyzer [7] .
1) High Modulus Sumitomo 6910
Adhesive: The first candidate adhesive selected for the glass pallet was Sumitomo 6910. The adhesive was tested using the three-point bend specimen. The specimen was created using Borofloat glass, a thin strip of teflon tape, and adhesive ( Figure 3 ).
Teflon tape was used to create the interface crack. The specimen was placed in a three-point bend fixture and loaded under displacement control with a stroke rate of 0.5 mm/min.
The specimen dimensions, initial crack length, and load-displacement history were recorded for each specimen. Using beam bending equations and the load at which the crack advances, the critical energy release rate can be obtained from [10] ( )
where P c is the load when crack delamination begins, δ is the mid-span displacement when crack delamination begins, L is the half-span length, a is the initial crack length, and B is the specimen width.
The critical load, P c , used in equation 1 was considered to be the maximum load during the experiment. The critical energy release rates were calculated as 23.4 J/m 2 (specimen SA, Figure   5a ) and 52.1 J/m 2 (specimen SB, Figure 5b ). These results showed that Sumitomo CRC6910 had high interfacial strength when bonded to Borofloat glass.
2) Intermediate Modulus Dow Corning Q1-4939 Adhesive: Dow Corning Q1-4939 was also evaluated as a candidate adhesive for tiling. The Dow Corning adhesive was tested in exactly the same manner as the Sumitomo adhesive. The critical energy release rates were calculated as 13.2 J/m 2 (specimen A, Figure 6a ) and 13.7 J/m 2 (specimen B, Figure 6b ). These results showed that Dow Corning Q1-4939 also had high interfacial strength when bonded to Borofloat glass.
The interfacial adhesive strength was computed and measured.
3) High Temperature Low Modulus Adhesive (HTLM): The three-point bend specimen assembly was utilized to test the novel high temperature low modulus (~1Kpa) adhesive. In this case, the glass adherends failed before interfacial failure occurred. Therefore, attention was focused on more traditional fracture test specimens such as the double cantilever beam (DCB) and the cracked-lap shear (CLS) specimens. The combination of the low modulus adhesive and the brittle adherends proved to be a challenge for specimen design and testing. The DCB specimen is shown in Figure 7 and the CLS specimen is shown in Figure 8 . Miniature hinges were used in both specimen types to apply the loads. The testing of these specimens proved to be very difficult. Only about 30% of the total number of specimens produced valid test results.
Failure of the specimens included delamination of hinges, failure of secondary interface between the alumina tile and aluminum support, and fracture of the Borofloat glass.
Both the DCB and the CLS specimens were loaded in the Micro Tester Fixture (Figure 9) under displacement control. The stroke rate used was 0.1 in/min. The specimen dimensions, initial crack length, and the load-displacement history were recorded for each specimen. Figure   10 shows the load-displacement history for one DCB test specimen. A total of 20 DCB and 20 CLS specimens were created. Many of the specimens failed during testing prior to extension of the interfacial crack. The majority of the failures were attributed to the brittle nature of the adherends compared to the extreme ductility of the adhesive. In the case of DCB specimens, the adhesive allowed a large amount of deformation, which the brittle adherends were unable to accommodate. Other failures occurred were in the secondary adhesives used to attach loading hinges and supports to the experimental specimens. Although several different types of secondary adhesives were examined, including epoxies, polyurethanes, and cyanoacrylates (super glues), the bonding of alumina tile to an aluminum support was weak compared to the HTLM adhesive bond being investigated.
Finite element models were used to calculate the interfacial strength of the HTLM adhesive for both the DCB and CLS experiments. A finite element model was created for each of the valid experimental specimens, since the initial crack lengths for each specimen differed.
The finite element models were created using 8-noded quadrilateral elements. The boundary conditions were defined to best represent the actual test conditions. In order to calculate the maximum energy release rate for each specimen, the critical load recorded from the experiments was used as a boundary condition for the finite element simulation. The energy release rate for each specimen was calculated using the J-integral subroutine available in ABAQUS [11] . Using the failure load from the experiment, the critical energy release rate was calculated from the finite element model for each test. A finite element model for the DCB specimen is shown in Figure 11 and the finite element model for the CLS specimen is shown in Figure 12 HTLM adhesive showed that it has a high interfacial strength when used to bond alumina tile to the Borofloat glass. Limited thermal cycling also showed a degradation of about 50% in the interfacial strength for one thermal cycle. Some of the degradation in interfacial strength could be due to the thermal mismatch between alumina tile and Borofloat glass. Additional thermal cycle tests are to be performed to determine the degradation of interfacial strength over a more realistic thermal cycle representative of the actual processing environment. The DCB and CLS specimens used to evaluate interfacial strength provided a good basis for experiments. As mentioned previously, one of the problems with these specimens was the frequency of invalid tests due to specimen failure. In future testing, the DCB and CLS specimens need to be improved to compensate for the brittle nature of the adherends and the extreme ductility of the HTLM adhesive. The most important improvement required is a secondary adhesive, used to bond the tile with the aluminum support, with a bond strength higher than that of the adhesive being tested. Additionally, the aluminum supports in the specimen should be replaced with a stiffer material, such as ceramic. This would reduce the bending of tile in the specimen, which would reduce the stress on the secondary adhesive.
D. Chemical compatibility
For the chemical compatibility study, small sections of adhesive on silicon wafer were dipped into various solvents at specified temperatures (room temperature and at 50 o C) and for specified lengths of time (10 min and 30 minutes). These samples were removed from the liquid, washed with deionized water, and the surfaces were examined using an optical microscope. The change in surface topography and physical dissolution in the etchant were noted. A summary of observations is given in Table VI . No major degradation on the adhesive surface was noted under these test conditions by optical microscopy at magnifications up to 500X.
E. High Temperature Detachability
The low modulus adhesive specified for this application is to be processable at a 
